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(57) Abstract: A single crystal MgO(OOl) substrate (11) is 
prepared. An epitaxial Fe(001) lower electrode (first electrode) 
(17) having a thickness of 50 nm is deposited on an MgO(OOl) 
seed layer (15) at room temperature. In an ultrahigh vacuum 
(2xl0" 8 Pa) state, annealing is preformed at 350°C. An MgO(OOl) 
barrier layer (21) having a thickness of 2 nm is epitaxially 
deposited on the Fe(001) lower electrode (first electrode) (17) 
at room temperature by MgO electron beam vacuum deposition. 
An Fe(001) upper electrode (second electrode) (23) having a 
thickness of 10 nm is deposited on the MgO(OOl) barrier layer 
(21) at room temperature. Consecutively, a Co layer (21) having 
a thickness of 10 nm is deposited on the Fe(001) upper electrode 
(second electrode) (23). The Co layer (21) enhances the holding 
capability of the upper electrode (23) to realize an antiparallel 
magnetization arrangement. By microfabrication the above 
produced sample, Fe(001)/MgO(001)/Fe(001) TMR element is 
fabricated. Thus, the output voltage value of an MRAM can be 
increased. 
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MRAM (Magnetoresistive Random Access Memory) f'± s ^(£JX < ffl fc> tLT 5 
IB«*^^&5DRAM^^5^c^*lRlttlB«3(f-7- , Tf*)»3, ^o, itSSt&^FSI 

^ v h utjs< m%m^^ft>fhx^ ^ > 4Mbit © mram ^-^-^^ 

E18«, MR AM(Z)^lMl5Trfe?) b ^/l^^ig^*^?- C£AT\ TTMR^^-J 

y^/Ptt^f LTV^5 0 h >^/H$liJI ^ LTtt, T^;V~7 7 -^(DK 1 — Oil 
flSJiv^^TV^ 0 08 (A) fc^1-J;5^-^ |l« 

8 (B) ^ l ^§«f4ffitS^^2 o^ittlit (DM^pt]^ 

rims, 

H19«, MRAM(Dm^M&in%^-i-mXh K) s 0 9 (A) liMR AM(D&|4jlEI 

xh<o, in 9 (b) i^m^^mm^mxh 9 > 09 co « N s^m^i- 
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mwmx»hz> 0 in 9 (a) it^-tx. 5 mr ami^^^x it? — k§wl t tr 

So 0 9 (b) J; 5 17— Kit tr y hmt (D^mU^mn^tif^MR 

AM±;l-fc, TMRg^h ^©TMRi^ tt^ii^tbfcMO S F E T i ^ 
^TLT*5t)> AWefett ttlifS TMRi^ ©fi^f^MO S F E T t j; 9 

i^si ttj;!), m'mmm&m&m'tz. t &x%z> 0 m, mm^m^m^, 

Mt«> TMR*^^(D^^OPPJP^ J; !9^fT5 w t &X%Z> a m 9 (C) (C^-T 

j; 5 MRAM^^y-fe/H*, pis iisi o irtt^$Hfcy-^f^ 

1 0 5 t KW^*$1 03t, •^(D^^B^^tLS^^-^/VM^^^-bTff^ 
£*T,7ty— hfl^l 1 1 ^ff^MOS FETlOOh TMRl^l 17k 

^tbt^§ 0 y^itio5«ii (gnd) KW>-te, tmri 

f^L-rifj/b^BLtii$tlTV>5 0 17— mWL«^— hmtM 1 1 1(31 

^-b^I^K bfc J: 5 ^ N W»^!JMRAMI1 lo©MOSFET10 
0 iTMRgf 1 1 7i(ui!) lO(D^^yi?/l^?F^^5^ t^^&fctf), 

##fF^:S^l : D.Wang, et al. : Science 294 (2001) 1488. 
&ft<D&ffi&m^Z> r t (31 =fc (9 6 4Mb i t U^<DM-RAM^mm-i~^M,m b 

^7 7^ A 1 - h >^/HfH£: Lfct*lTMRi^'©l^fS^«Z)/M7^ 

m^TMRm^^mm&m^m 70% ti&< , ^fcttj^mjE^ 200 mvmr 
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Tf^^tLfcB CCffN££r^r infill <£>$£«#:S£, tulB h ^/I'BE^Jg ©I 2 
^m&m^&Wx., BUlE SMgiflMg O x (0 0 1) fcSVMi 

(ooi) ^ H B H ffi^ft^gafB] ufc^^HMg o x (o < x < i) eicj; vrntftz 
Mgo (ooi) s b ^/vpt^ji h z/^/vmmm(DWi i 

£ fhfc Fe (001) ^^/^II 03«ttf£Jg t , fufE h i/^/Hf 

mm^m 2 mj^tt^ $ ftrc Fe (ood ^ e> & 2 ©siwKiffcs t , 

t5tM b^/^itt^oT, ftffBMg Ojf^ ^ B H 0 MgO x (00 1) 

fcsv^s (ood ^.nffi^^skgait] Lfc#M B B B M g o x (o<x<d m\z.& 
<o^m^nx^^^ t^wmt-r^mn.m^,m^^mm^th^ 0 BtriaMgo (o 
01) m(Dtem^Ti$>tmmF e (ood i©7x/v^^-(Z)^©^ 

*<DtiiJjm t )£&j>z% fro loo b ^v^^O^^ UT_hfB 

^^oftiioffi^lc: iSWt^ilh fIS^_h^mi of e (o 

0 1) Jf £±tgTf SXS£ S |fJfBll©Fe (001) JSJ^S^tf-A^fe 

la^lSiMgo, (ooi) fosvM* (ooi) ^ 0 B 0 Ms«5fe@aft Lfc#;i& 
H%M g o x (o<x<i) ^bjfce h v^y^|$^ji^^ff*^Tf-*3v^-c±i^i-2. 
x@£. f by^;Hin±^i2©Fe (ooi) m&l&J$ir%j:mt Sr^ri" 

£fc, W B MgO x (0 0 1) fc^V^i (0 0 1) ^ 0 B 0 ®;$S«5te@Bft Lfc# 

glMgO, (0<x<l) ^fj^Slfe^itSfllgi:, S«^_h(c^ 
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ICOFe (0 0 1) Ji£r*g£fU ^^X\ mm Sr^pffifct" 5 fc#><DT~~ /V&ff 

9i2it^ tufBrni^Fe (001) m±^m^-if-^mmm^^<om^^m 



MgO x (0 0 1) (0 0 1) *tft®flSfc3fcBBlRjLfc#M£ftMg o x (0 

<x<i) ^^/^l*ffiSS^i•^^T^^:^3V^T^ij»i-SI^^3X@i: N g£ 

hy^;^ii±|Jli2 0Fe (0 0 1) I^f5l4Igt IrttSr t 

S^OFIl-^ ^^H H BMgO x (0 0 1) &5V^i (0 0 1) ^EHM^tf^gBpIg L 
fc^lMgO x (0<x<l) v-— KJfSrfifeJfc-f-SXSSr^LTV^T 

t>&V\, ^7C, ftjfBMg Of*, M g O x © x -fit ^il^f^ © * — <7* y V ?tm V > 
r±i^LT^^V^ 0 £<0|& N ilBMgOlrMtSlS^I^ MgO x (Dxj[t^ 

^mm<o^ h\zffl<Dm,j&K. xtitz, m s o (ood h^^/^m^m 
t , m h >-^^wmm<Dm 1 mm ^Mz.r^;v-7 r ^ e> & s as 

IBMgO (0 0 1) lo^SfTJffi t tffiB7 i e;v7 7 ^Ett^^ ^ * 51 1 X 

ra % 2 <D mm^wm b<D?^/v* m& <o m <o ^mmiM ( h ?\> mm 

mi it, &&&<Of£l<DM1&<Dte1&fc&5TMR&^<Dm3k (HI 1 (B)) 
ilttMlt'fc^F e (001) O^/Pdf — KfliatSr^i-BI"C*& 5 > & 

SfeSIW© [001] #fate^5E-E F ©B8«Srj3*-*-EI (mi (a) ) -?fc5„ 
0 2 (A) ^6)0 2 (D) #358l§tf>g£8fc<0?g1iBtJ: i5F e (0 0 1) 

/Mgo (001) /Fe (0 0 1) fliatsr^r-ram^ffi^:*^ («t, r F e 

(0 0 1) /Mg O (001) /F e (001) TMRi^j £|^-§-3 0 ) <D§g 

5txm^^^(-^i-|Ht?fe§ 0 

HI 3 (A) J4 % Fe (0 0 1) T§&®fii (Mi) ORHEED^^^^ 
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^Irm-ehV, 03 (B) rcDi©MgO (0 0 1) /^TIORHEED 

H5Ht, Mg Ol!?3jr^©il*^JEE©JI!|iiSf3t^#Sr^-t-S*C*>So 

H6tt, Fe (001) /MgO (001) / F e (001) TMR|^©A 

07 (A) £iaic:i8tf5MR)fc©>>"W T ;*«JEE £^1-0^& 3 0 EI 
7 (B) fi N TMRi^©ttl?JlJEV out ij; ( = ^^T^«JEEx (Rap-Rp) 
/Rap) Sr^-?-0T?fc3 o 

0 9 ft MRAM©S*ij&MSr*t 9 , 0 9 (A) ttMRAM©iS 

mT»fc^, H9 (b) tem^&}t£\mmnj$m-e&y , 09 (o « N *atf^^^ 

tfeD, 0 1 (B) fcMfo-fzm-V&Zo 

mm it mm-r z> it & <d * & © mm 

*W*B#tJ:S3V^-C % Mg OttSr^* (NaClIfi) T»hZ>fr#>, (0 0 1) 

®. (loo)®, (oio) ®«^-r^fffiT?fes D r^-era, llffi^M^ 
z#£-f5 JHffi£r (ooi) fcJK— #JfcfB3z&LTV^ 0 ^7h N 

*p^|[b*{c:*3 v ^, nmm % bcc #m t te^^ii ©r^t- 

fe5o £ tU^fcftJiCfii, ^tJ?0*V^BCCijt, V ;b Kfc> <5 A 2 i^flf ;i|f N *5 

mmfe,mftmy£m^fryt(DmBifabmmvfc.w.T*foz> mmcm-.y. wuifhekei, 
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et al. : Appl. Phys. Lett. 78 (2001) 509.) 0 ^ (D <t 5 Jfe^tBT?« % WiMXlk 
•^fa^-Xm&U t h ^^iffi^iftfti^lIlM g O© hi/^/H5fMcOi^$<D_bPSja: 

ft? 0 TMR|^©1« (MR) JfcJS, &sT(D^,-Cm^th^ 0 
AR/Rp= (Rap— Rp) /Rp 

^^*ri:TfeS„ J u 1 1 i r eMt5£fcl.fcjft,ti % ffi'WT^SBE^tfSMR 

MRJt= (Rap-Rp) /Rp = 2P 1 P 2 / (1-P 1 P 2 ) 9 N 

P a = (Dal (E F ) -Dai (E F ) ) / (Da 1 ( E F ) + D a I (E F ) N 

a = 1 , 2 ( 1 ) 

Pa (3, nmcD* Ifly^m^-^-h «9 , D at (E F ) iD a I (E F ) 

^ti^th, ^i/s^ Fb'PWc^ Missels }?(D7^/u^ =^^/u^— (e 

F ) fc&tf&^M^M (Density of state : DOS) ~C 3b <5 <, 

&m&m&&mRT$&&<D * t°^<Dmmfe&te o. 5UT~vh^tc^^ j u 1 

1 i r e (D^^K £tU3\ *&ftV^^MRj:t t LTi 7 0 %&^ffl £thZ> 0 
TMRlf^TWTXOA 1 -<D<£> b t ^W^WM t 3rffl V^Tf£ 

It§t, ^^m."C<Z)MRi;b ct LTfl 7 0%<kV" i 5'ffi^ : t : S : 6)tT^XV , >§^S N DRAM 
^©tb^SH-CfeS 2 0 0 mVSr#S^^ilb< N Ji^cD «t 5 tMRAM^JI© 

$§9§#fii. M^^-t>v"?A (MgO) COmffiMi (0 0 1) (0 0 1) 

f-mztiZa mm* **ft©fiia§TMRifit (01 (b) ) t s m 

m'Vkfc&mxfo&F e (001) <D^-%.;V3f—^i/ Kttat%^i-mT?fe 9 % igfgc 
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&m<D [001] jjfa\z.tt-tz>E-E F <om&&&-tm (mi (a) ) t*&& 0 

mi (B) (C^fJ: 5 it iSTMR^ttfj:, fl e (0 

0 1) fli, f 20Fe (001) |5i, £ tl h OW^SE^tLfe^jfifSM g 
O x (0 0 1) SfcSV^S (0 0 1) ^ H H B S^#3teiBtp] LfcMMg O x (0< 
x < 1 ) Ji 3 £^bTfffi££tlTV^o _hlB J u 1 1 i r e (O ^ ^/WC X th 

<D«-<^ h;vk 2 Sr^i-5«-=F^gBfi«iJj:)5;S 0 El (A) t^-f [ooi] 

(T-H) ^lR]|u^lt5F e (Di^;l/^-^y Kit iixH 7 /V 5; 2p{£ E F 
fc*5tt5i|fc1Mf£ (DOS) tt % t°l/t'>WtX \fly(D^-y^^ \tfr7=cA, 

^2p{£E F t:}o^T^^bTV^fc#), *r*U3: if fcvMHflMaSrjj* $ L 

w: s p« tssfe $6 1 h' b t ^ \z. Mm & mwa mm & ^-r % mmm^- <d&& mm 

^i-*5(t§tliiiit, JfWt<0 \*l'*A'W¥>*WlZ. t tfr5 0 Fe (00 

1) A K^tfflB^J; 5 J&^^tc^^J&StttH^cSr^T't-So HI l (A) 

t^-TJ; 5 t, tf>- A l K (HIS) tf*:7^/i^ f^iErt^^^-t- 

sa^ />t^t°^A i/^K («) fi^^yv-^2pfiE F t^«i^^rb^v^ r 

t — 1> is h & ^ tr WHS h v^/v t *5 v n t# b tt 3 "HTHftfls fc5o ^ tf * -y 

/V (j^ftllfeSl^ (0 0 1) IEft#3!iNt) ©TMRgflt h^/WiiS^t 

tiffi^#lLoopJ^|f5o 0 2 (A) d>k®2 (D) ^^<D^ 
lOfiiaSF e (0 0 1) /MgO (001) /Fe (001) fllatSr^Tf 
(SATs TF e (0 0 1) /MgO (0 0 1) /F e (001) 

TMRif j 5 „ ) (DM&JiU&m&.ftteTjk'tm-clbZo Fe (00 1) 

fi % BCC«tlrft§3Sltt^fe5o £i\ MMgO (0 0 1) 1 

1 £2pftU MBEfe (^ll^f^^^-fe) r> s WMgO (001) 
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£&1 1 <Dmm<D^7*vi?— gr3fe#i-2.fcfe N MgO (001) KI 1 5 

£rJ5feft-r5o jg&LT\ [HI (B) 5 0nmJ|©xt^^^ t ;i, 

F e (001) (H 1 Wffi) 1 7 SrM g O (001) Is— KJ1 1 5 _hfd 

M.-ej&*u #cv>-e\ ®i**^r (2xio~ 8 Pa) m&v^t, 3 5 0°c-er 

IS^O. 0 2nm/g\ J&MM.&&^M. (|)2 9 3K) % Mlf^y-^ 
Mi: Lt{ift^li^lM©M g O (MgiOi©ib^l : 1) ^fflv\ y — 
* <J;«^OSgif§r4 0 cmt U SitiMX^S^l XI 0" 8 P a, 0 2 5>i± 
^lxiO- 6 Patfc5o ft, ftftt^lM»MgO (Mg^OtClt^i : 

EI 3 (A) ft, i©i©Fe (0 0 1) TgB®£ (Bl ft®) 17^)RHEE 
D^^-v??r^t0Tfc5 o 0 3 (A) (cl^f J: 5 fcU Fe (0 0 1) TSimfl 

IE! 2 (C) ic:^i-J:5^^ 2 n mffOM g O (0 0 1) ^!J7l2 1*Fe 
(0 0 1) T£G*tl (Illi) 'l 7i:^^^T^t:°^^^/H$;ft1-;5o ^(D 
ggfc, MgO©Sftr-AltMfflv>fc 0 El 3 (B) r©»gO (0 
0 1) /^7|2 1©RHEED^^-^fTO5„ 13 (B) 
5^, MgO (0 0 1) 71 2 1 fc&0&^(ilte£¥:£t£&^UT^5 £ t 

HI 2 (D) MgO (001) s< V 71 2 l_h^, ^B.-t?J¥£ l 

0nm<Z5Fe (001) JbJflSffi (H 2 St^) 23^^j5gb/h 0 Sg^LT, 10 
n mJ¥ $©Cog2 5^Fe (00 1) ±^M^ (H 2 «S) 2 3 _h fciiffif tfco 
Col251t ±^mU2 3 Of*^^§f^feS^ iriC JzoTS^tf^SaS^H 
il,i-Sfcfe(D%(D-Cfe5o #CV^\ ±|B©^^^f^WB*PXUTF e (0 0 1) 
/Mg O (0 0 1) /F e (0 0 1) TMRi^lrff^t?» 0 

JhiBm-T-tr— MZ.£ZMg Olftt, 1 0" 9 To r r <D®it^^H-ej&SI&T . 
tfo/to ^©^Sfe-ete, f?!jx.«^^^S^_hiC 3 0 0 nm^m§r=fTo7h^t? 

g Oj^*B#^*3(t6j^lf y/^©ffliSMa s s^-<y h/KDil?IiJ^^:Sr^ 
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t0T?fc5o HI 4 {ci^i'«t 5 0<Z)^^^ h;vp l i0 2 w^-<^ h;vp 2 i 

^fe#Sr^"f IS"efcSo H5t/Ttj;5^ ®IS?^J±gf£^ft 9 i«V^ *£ 
£&f-^i5f#JE&i*< ft&-£> ft iff*, MgO©i»fc(t5Mg 

^^^s<D^(3i#M$fbS r M g o x (o. 9<x<d coxoi^mm 

aS<S<ft5i:tte)il (Wiff, 0. 10~0. 85 eV, «fc !3P»{^j:0. 2~0. 5e V<D 

ft A 1 -O h ^-t>/H*lg^#^\ F e (0 0 1) t©f B 1© h >^/H*^<£>SS £ «U 
0. 7~2. 5 e V£#£fe*L£ 0 ^ tl t t T , M g O |J B H B ife h y ^ 

/H$|gcD^£M;3 - 6eVT'fe!5, iifiirltttO. 9~3. 7eV©W 
bfrTV^o *llife©^1EfcJ;5#fet:/Bv^ £ x o. 3 eV@g©hy^;HI 

&L<Dits£i>si&M£tL^ h is^jvwm. <d igfis&tfb as nm -c s ^ h a* t>fr z> o iK u > 

f/5^5o fts ll^a^<Mg O^xOfJ: 0. 98<x<l, 

«t «9 0* b< «0 . 9 9<x< lggtfc <9 .Mgl^i 5 ft t 0«-g"^tbi", 

MSji^7^1£EVOi#) £r N WKB»S«SimmonsO 
<&5£ (##f^^Cife J. G. Simmons: J. Appl. Phys. 34, pp. 1793-1803 (1963). 
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